This work aims to evaluate the dynamic coefficients of the tilting pad journal bearing through the thermohydrodynamic and hydrodynamic analysis, investigating the influence of thermal effects in the dynamic coefficients. The dynamic coefficients of the tilting pad journal bearings are obtained by numerical simulation, solving the Reynolds equation iteratively with the energy equation by finite volume method. In doing so, this work presents the influence of the thermal effects in the dynamic coefficients when considering both the full and the reduced damping and stiffness matrices, discussing the relevance of the thermal effects in the dynamic coefficients in both approaches.
INTRODUCTION
In order to analyze rotating machines with more reliability and stability, the dynamic behavior of hydrodynamic bearings must be evaluated, specially the tilting pad journal bearing due to its well-known stability condition. In doing so, many researchers have studied the influence of critical operational conditions in these bearings, as such the lubricant temperature. For this reason, the models of hydrodynamic lubrication (HD) and thermohydrodynamic lubrication (THD) were applied to evaluate the influence of temperature in the dynamic coefficients of the bearing and, consequently, in the dynamic behavior of the rotating machine [1] [2] .
The "Tilting Pad Bearing Model Reduction" [3] [4] was developed, in which a reduction is performed in the full matrices of coefficients, resulting only coefficients related to translational motion. In this period, the influence of vibration frequency (frequency applied in the reduction) in the reduced coefficients was widely studied, and the results obtained in the synchronous reduction and non-synchronous reduction were compared [3] [4] . Due to the computational development, the resolution of huge and complex mathematical models became easier and faster. Consequently, nowadays it is possible to consider the "Single Pad Bearing Dynamics" in the mathematical model of the rotor system. The dynamics of each pad is considered in the model without any reduction of the degrees of freedom of the bearing.
In face of the importance of consistently obtaining dynamic coefficients to represent the dynamic behavior of the bearing in the rotating system, this work aims to evaluate the thermal effect and its influence in the determination of the dynamic coefficients when considering the "Tilting Pad Bearing Model Reduction" (reduced model) and the "Single Pad Bearing Dynamics" (full model).
METHODOLOGY
In hydrodynamic lubrication model the pressure distribution is calculated considering the oil film as isoviscous. In thermohydrodynamic lubrication model the pressure distribution is solved jointly with the temperature distribution. After determining the pressure distribution, the hydrodynamic forces are calculated and the equilibrium position of the shaft in the bearing is determined. Finally, the dynamics coefficients are approached by perturbation method.
2.1
Lubrication model The stiffness and damping coefficients in hydrodynamic bearings are evaluated from the hydrodynamic forces actuating in the bearing, obtained from the integration of the pressure distribution in the bearing. The pressure distribution is obtained from the solution of the Reynolds' equation [5] [6] .
Where P(x,z) is the pressure distribution in the oil film, x and z are the rectangular co-ordinates, is the absolute viscosity, RS is the radius of the shaft, h is the thickness of the oil film e is the rotational speed of the shaft and t is the time.
The thickness of the oil film for each pad of the bearing can be obtained from geometrics parameters [7] , eccentricity of the shaft and angular displacement of the pad as: According to Figure 1, is the angular position in the pad, RP is the radius of the pad, hP is the thickness of the pad, h0 is the radial clearance, is the angular displacement of the pad, xS and yS are the position of the shaft in the local referential system.
As previously mentioned, the pressure distribution is calculated jointly with the temperature distribution. For this reason, the energy equation is applied to determine the temperature distribution in the oil film. In this case, no heat conduction through the axial coordinate was considered, because such conduction is very small regarding others directions in the system. Therefore, the energy equation is given by the following expression [8] [9] :
Where T(x,y) is the temperature distribution, x and y are the rectangular coordinates, f is the thermal conductivity, f is the specific heat, u, v and w are the linear velocities in x,y and z respectively, and is the viscous dissipation of the oil. Moreover, the boundary conditions considered in this work are: an isothermal journal as proposed by Dowson [10] and an adiabatic bearing wall as proposed by Fitzgerald [11] .
2.2
Dynamic coefficients After the pressure distribution, the hydrodynamic forces can be calculated. The equilibrium position of the shaft inside the bearing is determined through the balance of forces and momentum. Afterwards, the stiffness and damping coefficients can be calculated.
These coefficients are obtained with a spring-damper concept, in order to represent the inherent flexibility and damping of the oil film. The relation between the hydrodynamic forces and the displacements (and velocities) of the shaft center and the pads gives the equivalent coefficients.
The reaction forces are function of the displacement for the shaft and the pad (x, y and ), and of the instantaneous velocities of the shaft and the pad ( ̇ ẏ and ̇, here "dot" indicates time deri ate). Hence, for small perturbation from the static equilibrium position, the reaction hydrodynamic forces can be written through the first order Taylor series expansion as [12] [13] Where ' (apostrophe) indicates the local referential system, j is the number of the pad, F is the force, M is the momentum, k is the stiffness coefficient, c is the damping coefficient, , y and are the displacement perturbations in ', y' e respectively, and, ̇ , ẏ and ̇ are the velocity perturbations in ', y' e respectively. Equation (4) derives from Newton's Second Law. However, as the fluid's mass is considered very small in relation to the rotating shaft's inertia, it can be neglected.
Setting the stiffness coefficients in a matrix, for each pad j: 
The stiffness and damping coefficients for each pad are obtained in the local referential system (coordinates x'y') located in the pad. After determining these coefficients, a coordinate transformation must be taken, obtaining the coefficients in the inertial referential system. The coordinate transformation is given by Equation (6):
Where φj e αj are the angular position of the pivot in the pad and the angular displacement of the pad, respectively.
It is worth mentioning that both the determining and the transformation of the damping coefficients are carried on analogously the stiffness coefficients.
Full model
As previously described, for the tilting pad journal bearings, perturbation should be applied to the shaft and the pads. According Allaine [13] , each pad results in eighteen (18) coefficients (nine stiffness coefficients and nine damping coefficients) due to the direct and cross-coupling coefficients in , y and . Thus, these coefficients can be written in a quadratic matrix of order N+2 (global matrix), where N is the number of pads in the tilting pad bearing.
From the global matrixes of the stiffness and damping coefficients, the dynamic behavior of the bearing system can be written in the full model through the equation of motion presented in the equation (8):
Equation (8) can be written in expanded form as [14] : 
}
Where mS is the bearing load, JPj is the inertia momentum for each pad j.
Reduced model
As the most of the dynamic analysis of rotating system considers only the lateral motion of the rotor inside the bearings (coordinates x and y), the global matrixes of stiffness and damping coefficients should be written considering only these degrees of freedom. For this reason, it is possible to reduce the global matrix of the coefficients to a matrix of order 2x2 and, consequently, resulting in 4 stiffness coefficients and 4 damping coefficients of the bearing related to the lateral motion of the rotor (coordinates x and y). The reduction and determination of the stiffness and damping coefficients depends on the vibrational frequency. In this work, the vibrational frequency is set at the shaft rotational speed. Thus, the eight reduced coefficients for the tilting pad bearing are designated "synchronously reduced" bearing coefficients.
Separating the terms referring to the shaft and the pads, Equation (8) can be rewritten as [14] :
Equation (10) can be written separately as:
The dynamic reduction of the coefficients is carried on in the frequency domain. For this purpose, an exponential solution is assumed as presented in the Equation (13) 
Where the eigenvalue ( ) is a complex number:
Equation (14) is the damped excitation frequency. Generally, this frequency is a non-synchronous frequency, except in unbalance response.
The equation of motion presented in Equation (12) can be written in the frequency domain as:
Substituting Equation (15b) in (15a):
Where uu is defined as:
Thus, Equation (16) can be rewritten in a reduction form with respect to translational coordinates (x, y) of the shaft as:
Finally, the terms of matrix S are complex and can be related only to the degrees of freedom of the translational motion, such as:
RESULTS AND DISCUSSION
The parameters of the bearings considered in the simulations are presented in the Table 1 . Figure 2 shows the stiffness and damping coefficients obtained from HD and THD lubrication methods, considering the approach of the full model. Due to the quantity of coefficients (24 stiffness coefficients and 24 damping coefficients), this figure shows only the coefficients related to translational motion, i.e. the elements (1,1), (1,2), (2,1) and (2,2) of the Kglobal and Cglobal matrices (Equations 8 and 9).
According to Figure 2(a) , the stiffness coefficients tend to increase as the rotational speed increases. Moreover, as the rotational speed increases, the coefficients obtained from THD lubrication become lower than the coefficients obtained from HD lubrication. Similarly, the damping coefficients obtained from HD lubrication become lower than the coefficients obtained from THD lubrication, as the rotational speed increases. However, differently of the stiffness coefficients, the damping coefficients tend to be constant, except in low rotational speed. Moreover, the direct coefficients are significantly greater than cross-coupling coefficients, hat doesn't occur in the stiffness coefficients for a full model. Figure (3) shows the mean value of the relative difference between the coefficients obtained from HD and THD lubrication in the rotational speed range, considering the approach of the full model. As shown in Figure 3(a) , the mean relative difference can be expressive (over 10%) for the most of the stiffness coefficients in the frequency range of the rotor, but these values do not exceed 20% in this case studied here. According to Figure 3(b) , the same behavior occurs in the damping coefficients, except to the Cxy and Cyx coefficients. In this case, the mean relative difference is very high because these coefficients (Cxy and Cyx) tend to zero, as the rotational speed increases (see Figure 2(b) ). When the value tends to zero or crosses the zero, the relative difference presents high results, in some cases overestimating the evaluation. The HD and THD models for Cxy and Cyx coefficients are very close and both tend to zero (Figure 2(b) ). For this reason, the relative difference is very high as shown in the Figure 3(b) . Figure 4 shows the stiffness and damping coefficients obtained from HD and THD lubrication methods, considering the reduced model approach. In this case, a reduction is performed in the Kglobal and Cglobal matrices, resulting only coefficients related to translational motion (4 stiffness coefficients and 4 damping coefficients). As shown in Figure 4 (a), the stiffness coefficients tend to increase as the rotational speed increases. Moreover, the THD coefficients are lower than the HD coefficients as previously observed in the full model ( Figure 2 ). This way, though the difference between the HD and THD cross-coupling coefficients is greater in this analysis, the behavior is similar than that presented in the full model approach. Similarly, the difference between the damping coefficients obtained from HD and THD lubrication is greater in the reduced model approach, as shown in Figure 4(b) . Moreover, it is noteworthy that the direct coefficients are significantly greater than cross-coupling coefficients, in both the stiffness coefficients and the damping coefficients. However, in the reduced model, this fact is even more expressive, because the cross-coupling coefficients are practically neglectable.
Figure (5) shows the mean value of the relative difference between the coefficients obtained from HD and THD lubrication in the rotational speed range, considering the reduced model approach. According to Figure 5(a) , the mean of the relative difference is under 20% for direct stiffness coefficients, but it is very high (about 600%) for cross-coupling stiffness coefficients. As observed in Figure 5(b) , the same behavior occurs in the damping coefficients, in which the direct damping coefficients present a low relative difference and the cross-coupling damping coefficients present a high relative difference. This way, comparing Figures 3(a) and 5(a), it is observed that the relative difference between the cross-coupling stiffness coefficients obtained from HD and THD lubrication is higher in the reduced model. 
CONCLUSION
(1) The results of this work show that the difference between the coefficients obtained from the HD and THD lubrication in the full model approach is different from the HD and THD lubrication in the reduced model approach.
(2) It is possible to verify that the reduction of the coefficients can influence their dynamic behavior from the HD and THD lubrication. As previously mentioned, the relative difference between the stiffness coefficients obtained from the HD and THD lubrication becomes higher with the reduction of the coefficients.
(3) In tilting pad journal bearing, it is common to neglect the influence of the cross-coupling coefficients (reduced coefficients) obtained from the HD lubrication, because these coefficients are significantly lower than direct coefficients. However, for the estimation of the coefficients from the THD lubrication, the cross-coupling coefficients can be significant depending on the geometric parameters and the operational conditions as shown in Figure 4 (a).
(4) Special attention must be given to these effects in stability analysis of tilting pad bearings.
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